We study the Wigner distributions of the pion using a holographic light-front pion wavefunction with dynamical spin effects to reveal its multidimensional structure.
Introduction
Wigner distributions in QCD, commonly known as phase-space distributions, were first introduced by Ji 1 . After appropriate phase-space reductions, these distributions reduce to generalized parton distributions (GPDs) and transverse momentum dependent parton distributions (TMDs) which are measurable in high energy experiments (For a review on these distributions and the experiments to measure them, see [2] [3] [4] [5] ). GPDs allow us to have a three dimensional picture of the hadron in position space 6 . On the other side, TMDs contains three dimensional information regarding the spin-spin and spin-orbit correlations in momentum space 7 . Wigner distributions for spin- 1 2 systems have been investigated in different models e.g., light-cone chiral quark soliton model 8 , light-front dressed quark model 9 , light-cone spectator model 10 , AdS/QCD inspired quark-diquark model 11, 12 as well as light front QED model 13 .
Here, we study the Wigner distributions for different quark polarizations in the pion using a holographic light-front pion wavefunction which includes dynamical spin effects. It has been observed that such effects allow for an excellent simultaneous description of a wide range of data: the decay constant, charge radius, spacelike EM and transition form factors, as well as, after QCD evolution, both the parton distribution function and the parton distribution amplitude data with a single universal AdS/QCD scale 14 . Recently, this spin-improved holographic wavefunction has been used to predict the leading twist TMDs of the pion 15 . 
Wigner distributions
Wigner distributions are defined as 8
where W [Γ] (x, ∆ ⊥ , k ⊥ ) is the generalized correlator at ξ = ∆ + /P + = 0, and b ⊥ is the impact parameter in the position space conjugate to ∆ ⊥ . Explicitly,
with Γ ≡ {γ + , γ + γ 5 , iσ j+ γ 5 }. We define the initial and final momenta of the pion in a symmetric frame as p ′ = (p + , p ′− , ∆ ⊥ 2 ) and p ′′ = (p + , p ′′− , − ∆ ⊥ 2 ), respectively. For instance,
where σ i are the Pauli spin matrices and χ h is the helicity spinor. The arguments k ′ ⊥ and k ′′ ⊥ of the light-front wavefunctions are given by
One then can classify the unpolarized, longitudinally polarized and transversely polarized Wigner distributions in pion as:
We compute the pion Wigner distributions using the spin-improved holographic light-front wavefunctions given by 14
We refer to B as the dynamical spin parameter. B → 0 means no spin-orbit correlations as in the original holographic wavefunction 16 , while B ≥ 1 corresponds to a maximal spin-orbit correlations. With B ≥ 1, m u/d = 330 MeV and a universal AdS/QCD scale, κ = 523 MeV, we successfully predict simultaneously the pion decay constant, charge radius, spacelike electromagnetic and transition form factors, the pion parton distribution functions after taking into account perturbative QCD evolution.
Results
In Fig. 1 , we show the first Mellin moments of Wigner distributions ρ UU , ρ UL and ρ UT for the pion in the upper, central and lower panels. The left panels plot the distributions in the impact-parameter space with fixed transverse momentum k ⊥ = k ⊥êy and k ⊥ = 0.3 GeV, while the right panels plot the distributions in the transverse-momentum space with fixed impact parameter b ⊥ = b ⊥êy and b ⊥ = 0.3 fm. We find no distortions in unpolarized quark distributions in both the transverse momentum space and the impact parameter space. They both are circularly symmetric. However, we observe the dipolar distortion patterns for the longitudinally polarized quark in both spaces and for the transversely polarized quark in impact parameter space only. For the longitudinally polarized quark, the polarity of the impact space distribution is opposite to that in momentum space. When the quark is transversely polarized along x-direction, the deformation in b ⊥ space appears in y-direction. These deformation patterns are similar to those of the valence quark distributions of the proton considered as a quark-diquark system 11 . Lattice QCD calculations give access to x moments of quark spin densities. To compare with lattice results, we compute the spin density for the transversely polarized quark: Fig. 2 shows that the unpolarized density is axially symmetric with the peak at the center of pion (b ⊥ = 0), while due to the dipolar distortion from ρ UT , the resulting ditribution for a transversely polarized (along +vê x) quark gets shifted toward positiveŷ. Our predictions for spin distributions are in qualitative agreement with lattice results 17 .
